Background: Arsenic is a ubiquitous, naturally occurring metalloid that poses a significant human cancer risk. While water consumption provides the majority of human exposure, millions of individuals worldwide are significantly exposed to arsenic through naturally occurring levels of arsenic in grains, vegetables, meats and fish, as well as through food processed with water containing arsenic. Thus, we estimated the global burdens of disease for bladder, lung, and skin cancers attributable to inorganic arsenic in food.
Introduction
Arsenic is a naturally occurring metalloid found in drinking water and certain foods. The International Agency for Research on Cancer (IARC) classifies arsenic as a Group 1 carcinogen based on evidence that inorganic arsenic (iAs) causes bladder, lung, and non-melanoma skin cancer in humans (1) . In addition, arsenic exposure increases risk of mortality from cardiovascular (2, 3) and respiratory diseases (4, 5) .
Naturally occurring levels of arsenic in vegetables, grains, meats, and fish present a significant source of arsenic exposure worldwide (6) (7) (8) . The arsenic comes from uptake by food crops from the soil and irrigation water (6, (9) (10) (11) (12) . In addition, arsenic in water can contaminate food during processing and cooking (e.g., in boiling rice, making breads or pasta; refs. 7, 13) . According to a recent World Health Organization (WHO) background document on global arsenic exposure (14) , arsenic in contaminated water is completely bioavailable and provides the majority of daily arsenic dose (15) . However, as water arsenic concentrations decrease, the relative contribution of dietary sources becomes more significant to human arsenic exposures (7, 8, 16) .
As indicated by its IARC classification, arsenic exposure increases the risk for a number of important cancers. Numerous epidemiologic studies indicate an association between arsenic exposure and an increased risk for lung cancer mortality (1, (17) (18) (19) (20) , and lung cancer may be the leading cause of arsenic-associated cancer deaths. Metaanalysis of available epidemiologic studies performed in Bangladesh, Chile, Argentina, Taiwan, and the United States (21) , estimated about 4.51 additional lung cancer cases per 100,000 people for a maximum contamination level of 10 mg/L of arsenic in drinking water. An association between arsenic exposure and bladder cancer has been substantiated by multiple ecologic, as well as casecontrol and cohort studies (reviewed in refs. 1, 17, 18, 22) . In addition, an extensive body of literature definitively links the ingestion of arsenic to increased incidence of non-melanoma skin cancer, i.e., basal cell and squamous cell carcinoma (1) . Multiple ecologic studies based on mortality from skin cancer in Chile, Taiwan, and Bangladesh found consistent gradients of increasing risk with average level of arsenic in drinking water (1, 23) . Cohort studies from IARC, 2012 reported risks of skin cancer to be significantly related to average concentration of arsenic in drinking water and index for cumulative exposure to arsenic (1, (23) (24) (25) .
The objective of the current study was to use quantitative risk assessment to estimate the global burden of foodborne arsenic-induced bladder cancer, lung cancer, and skin cancers. Global burden of disease (GBD) is a widely accepted parameter that provides a frame of reference for comprehensive analysis of health gaps. It relies on use of all available mortality and health data by appropriate methods to confirm the comparability and consistency of estimates of demographic and epidemiological importance worldwide. This risk estimate was made as part of the WHO Foodborne Disease Burden Epidemiology Reference Group (FERG) efforts to estimate the GBD from foodborne chemical exposures, including dietary iAs exposure. A partial risk assessment was made previously by the Joint FAO/WHO Expert Committee on Food Additives (JECFA) who reviewed the PTWI of iAs with an emphasis on the speciation and occurrence of iAs in food (26) . In addition, the human health risks in European countries from foodborne arsenic was assessed by the EFSA Panel on Contaminants in the Food Chain (27) . However, the global burden of cancers caused by foodborne arsenic exposure has not been investigated, nor the extent of iAs content in different diets worldwide.
Specifically, we focused on adverse effects associated with iAs exposure, as foodborne organic arsenical exposures pose little human health risk (7, 8, 23, 26, 27) . We estimated the numbers of additional cases of cancers per year due to iAs through food in different diets worldwide, based on data adapted from WHO Global Environment Monitoring System (GEMS)/Food Consumption Cluster Diets database (28) . GEMS/Food Consumption Cluster Diets database divides countries of the world into 13 groups based on diets.
Materials and Methods

Quantitative cancer risk assessment
To assess the quantitative cancer risk for a given population, the dietary arsenic exposure was multiplied by the cancer potency factor (slope factor) for a given cancer end point. The global estimate for burden of a particular arsenic-induced cancer was then obtained by summing across different populations.
Dose-response assessment
Cancer potency factors for bladder cancer and lung cancer were derived using data adapted from Morales et al. (Table 8 : Model 1), in which the relative risk of mortality at any time is assumed to increase exponentially, with a linear function of dose and a quadratic function of age; no external comparison population was used (29) . EPA has used the same model for the development of arsenic water standard (2001) as it best fit the data based on the Akaike information criterion.
This study was selected as the best estimates of the cancer potency factor despite concerns that it may not be representative of risk worldwide. However, a recent review found that there are no other currently published studies that provide a more powerful estimate (17) . This table provides the concentration of arsenic in drinking water (mg/L) estimated to cause bladder or lung cancer in 1% of males and females in a cohort in southwestern Taiwan. The cancer potency factor was transformed to be relevant to human doses by assuming a daily consumption of 2 liters of water per adult. For skin cancer caused by iAs, the slope factor was adapted from the United States EPA IRIS database (30) . The EPA developed dose-response for skin cancer using data from Taiwan on about 40,000 persons exposed to arsenic in drinking water and 7,500 relatively unexposed controls (31, 32) .
The dose-response assessment included the following assumptions: (i) that the southwestern Taiwanese population that provides the dose-response data (29) used for estimation of the cancer potency factors are reasonably representative of global populations in terms of adverse effects of arsenic [based on IARC 2012 (1)]; this allowed the same cancer potency factor to be applied in other parts of the world; (ii) that dose-response curves for arsenicinduced cancers can be linearized and driven through (0, 0); (iii) that the average human consumption of water is 2 liters per day (28); (iv) that iAs in food and water has the same potency and efficacy for cancer promotion; and (v) that the slope factors for arsenic-related bladder cancer and lung cancer would not change appreciably as a result of infections or coexposures in the Taiwanese population from which Morales and colleagues (28) derived the data.
Exposure assessment
Exposure to arsenic via food depends on the concentration of arsenic in individual foods and the rate of consumption of these food items. The range of iAs content including a range of uncertainty for different food groups that represents content in crops worldwide was adapted from literature values (26, 27, 33) to derive the mean portion of iAs relative to the total food arsenic. Using a common range of arsenic content for food crops grown in different parts of the world has the advantages of demonstrating the effect of dietary patterns on arsenic exposure via food and allowing uniformity in calculations across all nations. For each cluster of countries, a lower and an upper bound value of iAs content was modeled at 50% and 100% bioavailability, respectively, to take into account a factor of uncertainty. JECFA noted the need for improved data on occurrence of different species of arsenic in, and their bioavailability from, different foods to improve the estimates of dietary and systemic exposure (26) .
To estimate the total bioavailable iAs in the diet worldwide, these exposure assessment calculations were then consolidated for each relevant population, across all of the different foods consumed in different proportions. The GEMS Food Consumption Cluster Diets database (28) was used to gather information on the dietary patterns (amounts of specific foods consumed) in different parts of the world, as it divides the world into 13 clusters of countries based on dietary similarities. The GEMS database uses data from the FAOSTAT to divide the countries of the world into thirteen clusters on the basis of similarities in dietary pattern. In the final step, the populations of individual nations across each of the GEMS cluster were summed to estimate the global population.
The primary assumption in the exposure assessment was that the values reported in literature for total foodborne exposure to arsenic and the proportion of iAs in different foodstuffs (6, 26, 30) are reasonably accurate. In addition, it was assumed that the rough upper and lower bounds for bioavailability of iAs in foods is 50% to 100% (26) , with beverages being 100% as seen with drinking water. For calculations based on populations within each GEMS cluster, it was assumed that (i) roughly an equal number of men and women comprise each GEMS dietary cluster of nations; and (ii) that the individuals within each GEMS cluster consume roughly comparable amounts of the foodstuffs that are presented in the GEMS database, including across age groups and genders.
Risk characterization
To characterize the risk of bladder, lung, and skin cancer due to foodborne arsenic, the data from doseresponse and exposure assessment were integrated to quantify the burden of arsenic-related cancers across the world. For each cancer type, the respective slope factor was multiplied with the estimated range of daily dietary iAs exposure, and the population size of the individual GEMS cluster to obtain an annual gender-specific estimate of the additional number of foodborne arsenic-related cancers. The life span per individual was assumed to be 70 years.
Results
The essential steps of risk assessment are hazard identification, dose-response relationship, exposure assessment, and risk characterization. For the present work, we relied on the hazard identification by IARC 2012 (1) that clearly identifies arsenic as a human carcinogen with increased risk for bladder, lung, and non-melanoma skin cancers. To establish the dose-response relationship, we converted the dose response estimates for water exposure to human dose and the data in Table 1 include the imputed slope factors for each of the cancers. For bladder and lung cancers, gender-specific slope factors are reported on the basis of the data adapted from Morales and colleagues (29) . However, for skin cancer, the slope factors are the same for both the genders (30) . The total increased risk in the population of each of the cancers for every incremental unit of foodborne arsenic was estimated on the basis of the slope factors.
For exposure estimation, the data in Table 2 provide the mean adjusted total arsenic content of foods used in the EFSA (27) dietary exposure estimates along with the conversion factors from total arsenic to iAs in each of the different foodstuffs provided in JECFA (26) . In contrast to water exposures, not all of the arsenic in food is bioavailable and Table 3 presents the estimated levels of bioavailable iAs for the 13 GEMS food consumption clusters as well as the population size for each cluster. For each of these clusters, the GEMS food consumption database provides an estimate of the amount of cereals, vegetables, fruits, beverages, meat, nuts, and oilseeds consumed. Rice and rice products appear to be a major source of exposure to iAs, especially in GEMS cluster G composed of Asian countries.
Risk characterization of the total estimated cases of bladder, lung, and skin cancers attributable to foodborne arsenic annually, worldwide was calculated from the slope factors in Table 1 and the exposure data  in Tables 2 and 3 . These estimates are listed in Table  4 and further resolved by GEMS cluster and gender to yield the number of expected additional cases of bladder, lung, and skin cancer from foodborne iAs exposures per year in Table 5 with the assumption of 70 years life span per individual. Overall, the data indicate that arsenic in food causes a small, but significant burden of the three major cancers that is distributed throughout the world.
Discussion
Using quantitative risk assessment, we estimated the increased incidence of cancers that can be attributed to arsenic in food. The most difficult aspect of this risk assessment was estimating the highly variable levels of iAs in the varied foods consumed by the different populations contained in the GEMS clusters. There is uncertainty in whether arsenic in food is equivalent to arsenic in water for disease promotion given the many other food constituents, such as folate (34) and selenium (35) that may modulate arsenic pathogenesis. In addition, the assumption of linear dose-response relationships of arsenic-related cancers is controversial, particularly regarding the mode of carcinogenicity of skin cancer, despite the EPA IRIS derivation of a single slope factor for arsenic-related skin cancer (30) . There are no studies that present the effects of low-dose arsenic exposures on skin cancer, which reduces certainty regarding the shape of the lower end of the dose-response curve. Thus, it is conservative to default to the linear model for determining the skin cancer potency factor. Accounting for these uncertainties, we provide estimates that levels of iAs found in food cause a low but significant increase in the burden of lung, bladder, and non-melanoma skin cancers worldwide.
There are a limited number of epidemiologic studies that examine the health effects of the levels of arsenic commonly found in food. Much of the available data on disease risk come from studies of arsenic in drinking water and often the populations studied are exposed to higher levels of arsenic (>100 mg/L drinking water). However, as levels of arsenic in water decrease, the contribution of arsenic from food to total arsenic exposure becomes greater and more significant (7, 36) . While human biomarkers for arsenic exposure, such as arsenic and metabolite levels in urine, blood, hair, or nails are available (36), it is not possible to determine Calculations based on Table 13 , reference 26 for range of total arsenic content in food items. the proportion of the measurements attributable to arsenic in drinking water or food. For the purposes of estimating human health consequences associated with arsenic consumption, knowing the overall population arsenic exposure matters more than knowing the relative contribution from different routes of exposure. However, for the purpose of recommending interventions, it can be helpful to understand the separate contributions.
There are several additional unavoidable constraints with estimating health risks from arsenic in food. The bioavailability of arsenic in different foods varies with the food group or method of processing and the complexity of influence of other food constituents on arsenic toxicity and adverse health effects. We focused our exposure estimates and risk characterization on both the range of iAs content and the range of predicted bioavailability of iAs in different foods. This approach is limited by using the GEMS cluster data for food consumption, as it contains an inherently broad range of dietary variation between the countries within each cluster (37) . For example, the daily consumption of rice in Bangladesh (GEMS cluster G country) was reported as 445 gm/day (38); however, for GEMS cluster G the average rice consumed daily is 380 gm. Using the cluster values may underestimate arsenic exposure via rice in Bangladesh. On the other hand, for the USA (GEMS cluster M country) the actual daily consumption is 18 gm (38), whereas overall for cluster M, it is almost double that level at 35 gm/day. Moreover, one of the major assumptions in the current analysis is that the speciation and arsenic content of rice cultivated in different regions of the world would be the same. However, there are conflicting reports indicating a large range in the levels of iAs in rice from developing and developed countries (38, 39) . To overcome these limitations and obtain a realistic estimate for iAs levels, we used data from studies that provide actual measured levels (27) in different categories of food items (6, 12, 40) .
The GEMS cluster data also does not provide specific details of the consumption of certain miscellaneous food items with reported high levels of iAs (e.g., seaweed hijiki and edible algae; ref. 27; Table 2 , miscellaneous items). In certain Asian countries, such as Japan, the consumption of seaweed is a relatively important part of diet and can add substantially to the daily exposure levels of iAs (26, 41) . Despite the complexity of assessing foodborne arsenic exposures, the estimates for global burden of cancers caused by the estimated range of exposures appear feasible. We found that human exposures to iAs through food is substantial (see Table 2 ) and can be roughly comparable with lower levels of arsenic in drinking water. It was reasonable to convert the data from that of Morales and colleagues (29) to dietary consumption and calculate slope factors for lung and bladder cancer to estimate risk of foodborne iAs. Using this dataset reduces the concern about issues of low-dose extrapolations of arsenic's carcinogenic effects; although, the estimates would be improved by including additional epidemiologic studies that focus on low dose consumption. A recent review (17) emphasized the need for such studies on bladder and lung cancer that address adequacy of the sample size, as well as the synergistic relationship of arsenic and smoking, duration of arsenic exposure, age when exposure began and ended, and histologic subtype of cancer (17) . This review observed that many recent studies that examine the risk ratio of bladder cancer from low arsenic concentration (<100 mg/L) drew cases and controls from arsenic-endemic areas that may reduce the difference in arsenic exposure, requiring a larger sample size to determine whether an excess risk exists for a given exposure. The potential for arsenic from smoking and the different patterns for smoking worldwide to confound the risk estimates attributable to food consumption would likely be true for lung cancer estimates as well. In addition, exposure misclassification probably further reduced the difference between groups and epidemiologic studies focused on low-arsenic levels have a greater need to control for confounders (17) .
The estimated global burden for arsenic induced bladder and lung cancers is highest for both males and females in cluster G for several possible reasons. First, cluster G comprises of countries in Asia where the arsenic content in the bedrock ranks among the highest in the world. This translates into high overall rate of exposure to arsenic through more than one route of exposure and on a consistent basis for an extended period-thus predisposing this population to develop arsenic induced cancers. Second, rice is the main food consumed in most of the countries in Cluster G. As depicted in Table 3 , rice contributes up to 68.1% of iAs exposure in cluster G countries.
Perhaps related to the first reason or type of cultivar, rice grown in cluster G may contain higher levels of arsenic than rice grown elsewhere (38, 39) . Finally, the population size is a chief component in our model for the estimation of the disease burden. Cluster G comprises nearly 50% of the world population with inclusion of China and India. For this reason, although the percentage of arsenic via rice is high in cluster L countries as well (up to 65.8%), this does not reflect in a high global burden of disease for this cluster owing to its small population size. Moreover, other recent studies have also reported rapidly rising cancer incidence and high cancer mortality rates in China and India contributing to a major portion of global cancer burden (42, 43) .
In conclusion, the results of this quantitative risk assessment indicate that consumption of arsenic in food increases the incidence of bladder, lung, and skin cancer. There are limitations with the estimates that are derived from the ranges of arsenic content in food and the interactions of arsenic with other foodborne constituents. Nonetheless, the risk estimates are valuable for informing policies to reduce the global burden of disease from arsenic exposures in food.
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